Introduction
============

Trauma, an experience that elicits fear, exerts significant influence on mental and physical health throughout the lifespan and is associated with intergenerational patterns of development and health ([@ref-19]; [@ref-21]; [@ref-54]; [@ref-59]). As childhood is a period with more plasticity in development and growth, individual adaptations to trauma in childhood can become more easily embedded in the biological systems still under development ([@ref-57]).

Biological embedding of social stress
-------------------------------------

The associations between childhood trauma, fear, and physical and mental health can best be explained as the process that allows for our adaptations to the environment to be reflected in our cells during early development ([@ref-46]). These biological adaptations can result from a range of environments such as nurturing or threatening and have been found to manifest intergenerationally ([@ref-46]; [@ref-10]). One example of a biological adaptation associated with childhood trauma and fear is the sensitization of the hypothalamus-pituitary-adrenal (HPA) axis ([@ref-46]; [@ref-57]). A child born with a sensitized HPA axis may be more vulnerable to the deleterious effects of maltreatment and other adversities due to the influence of persistent stress activation during times of rapid neurodevelopment ([@ref-46]). Moreover, a sensitized HPA axis has been linked to psychopathology, including major depression ([@ref-26]). Consideration of the biological embedding of social stress, such as childhood trauma, helps us understand more about the potential for a childhood trauma to exert influence on human development from mother to child.

Investigations considering intergenerational associations often are rooted in the hypothesis of fetal programming. Fetal programming is a process of biological embedding during prenatal development that can generate significant alterations in behavior, physical, and mental health ([@ref-31]). Maternal physical and mental health during pregnancy drives fetal programming, generating a combination of risk and resilience factors within the newborn ([@ref-13]; [@ref-14]; [@ref-37]). The interaction between the biological embedding of trauma and fetal programming provide a framework, generally, of how intergenerational transmission of trauma can occur.

DNA methylation and gene expression
-----------------------------------

Epigenetic mechanisms, like DNA methylation, are involved in our developmental adaptations to our experiences, such as trauma. DNA methylation is a structural modification to DNA that can regulate expression of a gene or change the magnitude of its activity without changing the DNA sequence. This process plays an integral role in development, health, and behavior by enabling tissue and context specific expression from a single genetic code ([@ref-4]). Childhood trauma has been linked with patterns of DNA methylation and expression of a gene involved in processes of brain development, *BDNF* (Brain Derived Neurotrophic Factor), previously associated with a variety of adult psychopathology ([@ref-15]; [@ref-24]; [@ref-56]). Although DNA methylation can alter gene expression, methylation does not always correlate with changes in expression ([@ref-29]). Therefore, expression data was included in this study to develop a more comprehensive picture of gene regulation patterns.

Gaps in the knowledge: human development and the central nervous system
-----------------------------------------------------------------------

Childhood trauma has been associated with patterns of DNA methylation and expression of genes involved in the central nervous system development such as glucocorticoid receptor and brain development genes ([@ref-7]; [@ref-42]; [@ref-58]). *BDNF* is one such gene known for its role in neurogenesis and synaptogenesis and is a good candidate to investigate for intergenerational transmission of trauma ([@ref-44]). Animal models have shown *BDNF* gene regulation patterns associated with fear memory consolidation, and fear is an integral part of the fight or flight response to traumatic events ([@ref-47]; [@ref-39]; [@ref-45]). Rodent research has found an intergenerational link between childhood trauma and DNA methylation of *BDNF* and *GR* genes ([@ref-42]; [@ref-51]). [@ref-42] identified differential GR methylation in newborn cord blood according to maternal depressed mood during pregnancy. However, human models have not explored the potential for childhood trauma and fear in the mother to transfer influence on gene regulation of *BDNF* in newborns ([@ref-8]). DNA methylation patterns on *BDNF* have been linked to multiple types of psychopathology such as bipolar disorder and major depression representing potential mental and physical health risk for newborns if *BDNF* gene regulation is influenced by maternal trauma ([@ref-15]; [@ref-24]; [@ref-56]). However, gene regulation pathways through which trauma exerts intergenerational influences are just being discovered ([@ref-60]). DNA methylation, and gene expression, can change in response to our experiences, especially during early development ([@ref-5]). Therefore, current interventions could exert effects on a molecular level with the potential to influence developmental trajectories and outcomes. The more we understand about the effects of maternal trauma experience on infant gene regulation, the more opportunities we can identify to intervene for improved quality of life for mothers and their children. Thus, this study investigated the influence of maternal trauma history and associated fear on newborn *BDNF* methylation and expression in umbilical cord blood.

Methods
=======

Sample and procedures
---------------------

This study utilizes data from a larger longitudinal investigation of the Conditions Affecting Neurocognitive Development and Learning in Early Childhood (CANDLE) study, housed at the University of Tennessee Health Sciences Center. The authors assert that all procedures contributing to this work comply with the ethical standards of the relevant national guidelines on human experimentation outlined in the Belmont Report, and with the Helsinki Declaration of 1975, as revised in 2008, and was approved by the UTK Institutional Review Board (UTK IRB-15-02534-XM). Low medical risk maternal participants in the CANDLE study were recruited from local prenatal clinics in the Memphis metropolitan area and enrolled during pregnancy. All adult participants signed informed consent documents and participants under eighteen years of age provided a parent signed informed consent document. Participants were followed through pregnancy and delivery, and the mother-child pairs are currently being followed until middle childhood. Selection criteria included maternal age between 16 and 40 years, singleton and low-risk pregnancy. A broad range of trauma experiences and other psychosocial symptoms were assessed.

The current study uses a group of volunteers from the CANDLE cohort who agreed to cord blood collection after birth to allow for biological investigations of the effects of the perinatal environment on child development. This subsample has been used in previous studies to investigate DNA methylation and gene expression ([@ref-3]). DNA and RNA were extracted from umbilical cord blood, and DNA methylation was measured by CANDLE researchers as previously described, and gene expression was measured by CANDLE researchers as previously described ([@ref-1]; [@ref-2]; [@ref-3]; [@ref-53]). We assessed the cord blood DNA methylation for contamination by maternal blood using the umbilical cord blood Y chromosomes as a predictor for newborn sex and all subjects were correctly matched. We selected *BDNF* for candidate gene analysis because of previous research that linked stress and fear with patterns of *BDNF* methylation and expression. Our analyses focused on DNA methylation of the two available positions in the *BDNF* gene (cg16257091 and cg27351358) measured with the HumanMethylation27 array (Illumina Inc.), as well as *BDNF* expression (ILMN_1809543) measured with the Human WG-6 expression array (Illumina Inc.). The BDNF CpG sites for DNA methylation are important because they are located in the CpG island (11:27699782-27701489) and have previously been shown with differential methylation in associations with stress or fear ([@ref-33]; [@ref-51]).

Measures
--------

Traumatic experiences were assessed using responses from the Traumatic Life Events Questionnaire (TLEQ; [@ref-35]). This 23-item self-report measure covers 20 types of traumatic events, including childhood abuse, warfare, domestic violence, and natural disasters. For each item respondents indicate if the event occurred (0 = no, 1 = yes) and if the event resulted in "intense fear, helplessness, or horror" in response (0 = no, 1 = yes). Two trauma exposure variables were computed. Respondents were prompted in item Q21 to identify what event was the most distressful of the queried 20 trauma experiences. The trauma events selected were dichotomized to represent "interpersonal"/"non-interpersonal" (IPT/NIPT). Childhood abuse (CAb) was summed from items identifying physical abuse before age 13 years (Q12) and identifying sexual abuse before age 13 years (Q15). The CAb score was then dichotomized to differentiate mothers who reported childhood physical or sexual abuse from mothers who did not (no/yes). The presence or absence of fear was retrospectively reported for each traumatic event (0 = no, 1 = yes), and a summary score was computed as a lifetime trauma fear score (LTF), with higher values indicating more fear in relation to the reported traumatic experience(s). The TLEQ fear summary score has been evaluated for psychometric properties and determined to be an adequate fear measure ([@ref-27]; [@ref-35]). Furthermore, self-report of fear has been shown to be as reliable and valid as objective situational measures ([@ref-36]).

The TLEQ has been found to have overall reliability with multiple populations, as well as good content validity as assessed by an expert panel, and good discriminant validity ([@ref-35]). Furthermore, the TLEQ is considered an accepted trauma measure, and it has been used for comparison to assess newly established brief trauma measures ([@ref-25]).

DNA methylation
---------------

Umbilical cord blood was collected by hospital staff following standard procedures and the whole blood was used to extract and measure DNA methylation and gene expression. Umbilical cord blood is one tissue previously used in multiple studies investigating DNA methylation in offspring ([@ref-9]; [@ref-23]; [@ref-38]; [@ref-40]). The DNA extraction was completed by CANDLE researchers at the Department of Health and Science in the University of Tennessee at Memphis using the Wizard Genomic DNA purification kit (Promega Corp.). The EZ-96 DNA Methylation kit was used to bisulphite-convert the DNA (Zymo Research). Candidate gene methylation status was measured using the Infinium HumanMethylation27 Bead chip (Illumina Inc.) according to manufacturer's protocol. Two *BDNF* CpG sites were identified for DNA methylation analyses. ComBat was used to control for variation among the chips that could confound results ([@ref-28]). The new adjusted data set was used for all methylation analyses.

Gene expression
---------------

We utilized the Human WG-6 expression array (Illumina Inc.) to measure gene expression, and one *BDNF* probe was selected for this study. The gene expression data underwent standard quality control (QC) procedures to identify low quality data for removal from analyses. First, data were screened to determine what genes were expressed. Detected *p*-values greater than .01 were set to missing values as standard in expression data and considered not detected. Samples with less than 10% of the gene probes detected were eliminated. Probes with less than 10% of the samples detected were eliminated. Second, we normalized the data for analysis by completing quantile normalization, scaled the data, and completed log2 transformation.

Statistical analyses
--------------------

This investigation employed linear regression to examine main effects of maternal report of IPT, CAb, and LTF on DNA methylation and gene expression of *BDNF* in the newborn. *BDNF * methylation is assessed as the proportion of methylated to unmethylated DNA strands at each measured CpG site (cg16257091, cg27351358) resulting in a value ranging 0-1. *BDNF* expression is a continuous value reflecting the level of RNA transcripts specific to *BDNF* (ILMN_1809543).

Mediation analyses were conducted in R version 1.1.383 using the Psych package to assess indirect effects of maternal trauma. Methylation and expression values were analyzed in the R package MethLAB, controlling for the following covariates: newborn sex, newborn race, and cell composition ([@ref-34]; [@ref-50]; [@ref-49]). Finally, as multiple studies have shown that childhood adversity can generate different epigenetic patterns based on sex, after examining the combined newborn cohort, we stratified the sample by newborn sex to determine if and how relationships might vary between males and females ([@ref-17]; [@ref-52]).

Results
=======

There were slightly more African American (55%) compared to White (45%) participants, and African American mothers were younger (25.0  ± 5.2 years) than Caucasian mothers (28.6  ± 4.6 years; *p* \< .0001). However, there was no difference according to race in the trauma predictors IPT/NIPT, or CAb. Furthermore, no multicollinearity was observed between IPT/NIPT, and CAb (Tolerance = .85, .99), and correlations were small (*r* =  − .08, .17).

Combined-sex analyses
---------------------

The two maternal trauma variables (IPT/NIPT, CAb) and maternal fear (LTF) were assessed for degree of relatedness. IPT/NIPT significantly predicted LTF (*p* = .047), though it only accounted for 1.5% of the variation. CAb accounted for the largest proportion of variance (17%) in LTF (*p* \< .001, *B* = 2.36).

There was no association between IPT/NIPT and newborn *BDNF* methylation or expression (*p* \> .05). CAb did not associate with *BDNF* methylation or expression in the full cohort (*p* \> .05). LTF did not reach statistical significance as a mediator of IPT/NIPT or CAb with *BDNF* methylation and expression in the full cohort.

Sex-stratified analyses
-----------------------

IPT/NIPT did not vary significantly between newborn sexes (*p* \> .05). However, mothers of female newborns were more likely to report a history of child abuse (*t* = 2.12, *p* = .04) *B* = .116, bootstrap CI \[.003--.228\]. There were no significant differences in *BDNF* methylation based on CAb in either sex (cg16257091- .2% ± 1.6% for males and .1% ± 1.7% for females) (cg27351358- .4% ± 1.9% for males and .4% ± 1.6% for females). CAb associated with increased *BDNF* expression in male newborns as seen in [Fig. 1](#fig-1){ref-type="fig"} (group *M* = 6.44, *SD* = .59, *p* = .001) *B* = .471, bootstrap CI \[.056--.865\]. Among females, the association with *BDNF* expression was much more attenuated, although it approached significance (group *M* = 5.54, *SD* = .98, *p* = .050). The absence of a significant association in females, combined with a small effect size for males likely contributed to the lack of a significant association in the combined cohort for CAb.

![CAb and BDNF gene expression sex-stratified.\
(A) CAb (No Child abuse, Child abuse) and BDNF gene expression in male newborns. Males born to mothers who experienced childhood abuse showed increased expression of BDNF (B = .004, *p* = .001). \*The bottom error bar for child abuse in the males' plot is at the same value as the bottom of the boxplot line. (B) CAb showed reduced BDNF expression in female newborns, although the association did not reach statistical significance (B = −.123, *p* = .05).](peerj-08-8858-g001){#fig-1}

LTF also differed between the newborn sexes (*t* = 3.24, *p* = .006) *B* = .995, bootstrap CI \[.41--1.58\], with mothers of females showing more variation in fear. LTF associated with higher *BDNF* methylation of the promotor region in male newborns (*B* = .004, *M* = 1.62, *SD* = 1.52, *p* = .001, bootstrap CI \[.001--.006\]), but it did not correlate with *BDNF* expression. LTF did not associate with *BDNF* expression in males (*p* = .50). Female newborns showed a negative association between LTF and *BDNF* expression (*B* = −.123, *M* = 2.72, *SD* = 2.47, *p* = .004, bootstrap CI \[−.222--−.038\]), yet it did not correlate with *BDNF* methylation. LTF and *BDNF* methylation did not associate in females (*p* = .38). It is not uncommon to find an absence of correlation between DNA methylation and gene expression because there are additional mechanisms that can influence gene expression ([@ref-48]). [Figure 2](#fig-2){ref-type="fig"} displays *BDNF* methylation and gene expression for males and females.

![LTF and BDNF DNAm and gene expression.\
(A) A positive association between LTF and BDNF DNA methylation in males in the promotor region of the gene (B = .004, M = 1.62, *p* = .001). (B) LTF and BDNF DNA methylation in females (*p* \> .05). (C) LTF and BDNF gene expression in males (*p* \> .05). (D) A negative association emerged for LTF and BDNF expression in female newborns (B = −.123, M = 2.72, *p* = .004).](peerj-08-8858-g002){#fig-2}

The sex-stratified mediation analyses revealed a sex-specific nature of the path of influence as modeled in [Fig. 3](#fig-3){ref-type="fig"}. IPT/NIPT did not reach significance in the mediation model for male or female *BDNF* methylation or expression. However, in female newborns, CAb associated with LTF (*B* = 3.07, *p* = 2 × 10^−8^) which associated with *BDNF* expression (B = −.08, *p* = .001) showing joint significance ([@ref-32]). Bootstrap confidence intervals were calculated as a second test of significance for the mediated effect of CAb on *BDNF* expression (B = −.22, bootstrap CI \[−.52--−.01\], R2 = .19). CAb did not show a mediated effect in male newborns for *BDNF* expression.

![Fear mediation model.\
LFT mediates effects of CAb on *BDNF* expression in female newborns.](peerj-08-8858-g003){#fig-3}

Conclusion
==========

This study investigated trauma in a multidimensional approach and identified associations according to trauma types. This is important given the rise in research focusing on adverse childhood experiences (ACEs) that utilizes a count measure for exposure to specific events considered stressful and/or traumatic ([@ref-22]). Our findings showed mother's exposure to childhood abuse associated with newborn gene expression (albeit in a sex-specific manner) whereas whether the trauma was of an interpersonal nature did not. Moreover, fear proved to be an important mechanism for child abuse exposure to exert influence from mother to child. The absence of significant associations with many of the trauma analyses could be a reflection of the complex nature of trauma and the difficulty in measuring the abstract concept. Future research would benefit from including a fear measure in trauma investigations to help reduce potential type II error.

Our results suggest child abuse exposure and lifetime trauma-related fear in one generation can affect gene regulation in offspring that could influence early development. Furthermore, this study identified direct and indirect pathways for child abuse to exert influence from mother to child. Including fear in the mediation model allowed a glimpse at how certain experiences are more likely to be associated with higher fear responses across the lifetime, such as childhood physical or sexual abuse, that maternal fear mediates some of the effects of maternal trauma for female newborns, and that maternal fear exerts direct influence of its own on newborn *BDNF* gene regulation in a sex-specific manner.

The sex-specific nature of the relationships identified in this study is consistent with previous research showing that childhood trauma generates different epigenetic patterns between the sexes ([@ref-17]; [@ref-52]). This could be due to females' developing under different neuroendocrine conditions in utero because males undergo a masculinization of the brain that is triggered by DNA methylation ([@ref-41]).

The associations with regulation of the *BDNF* gene is of interest because of the known involvement in human development, most notably neurogenesis and synaptogenesis, and links to psychopathology. For example, the *BDNF* epigenetic profile of prenatally stressed mice has shown similar epigenetic signatures as the post-mortem brain tissues of human patients with schizophrenia ([@ref-18]). However, analyzing *BDNF* methylation and expression in umbilical cord blood does not permit the knowledge of what is manifested in brain tissue, but it does allow identification of associations with predictors and outcomes. For example, prior research using human blood showed increased *BDNF* methylation associated with increased suicidal thoughts and behavior, and a literature review considering research conducted with brain and blood tissue identified abnormal *BDNF* signaling as a biomarker for increased suicide risk ([@ref-30]; [@ref-20]). In our study, we found maternal fear positively associated with *BDNF* methylation in male newborns. This is not to suggest that these male newborns will develop suicidal thoughts and behavior, though they may be at increased risk. In a recent rodent model, rodents exposed to early life stress showed increased BDNF methylation in both sexes, and decreased BDNF expression in females ([@ref-11]). Of interest is the offspring of those early life stress rodents also showed increased BDNF methylation similar to the intergenerational findings of this study ([@ref-11]). These findings can add to the growing knowledge of intergenerational effects of early life stress and fear. Although many of the studies are animal models, some research has shown human mothers during pregnancy who reported early life stress have increased brain derived neurotrophic factor in their amniotic fluid which could be affecting fetus development and gene regulation ([@ref-16]).

There are some limitations to this study. This investigation was conducted on one small subset of a population sample in an urban community of west Tennessee, which may not be generalizable to other regions. Furthermore, trauma exposure and fear experiences were based on self-report, and emotional stimulation is often triggered with remembering traumatic events which can influence reporting ([@ref-43]; [@ref-55]). It is also possible that pregnant women with a history of childhood abuse could be prone to experience greater pregnancy stress and we did not have data to assess this within our cohort. Although it is still uncertain how these gene regulation patterns are specifically reflected in the brain, proxy tissue is still the least invasive and most ethical approach to investigations with living humans. Though we could have employed a genome-wide approach, we chose a hypothesis-driven evaluation of BDNF because we were underpowered to detect associations after accounting for multiple comparisons. Finally, though BDNF has many CpG sites whose methylation could be tested for association, we focused on the two located on the CpG island for which there was available data measured by the HumanMethylation27K array.

It is also important to consider the benefits of investigating DNA methylation and gene expression in social science research. Epigenetic mechanisms may be able to provide insight into trauma-related symptoms resistant to treatment. Social scientists are making strong arguments for a need to acknowledge, educate about, and participate in inquiries when possible to examine epigenetic mechanisms, given the potential influence on human function and development ([@ref-12]). Moreover, generational patterns of distressing trauma-related behavior and psychological health symptoms have long been examined in interest of identifying new prevention opportunities. The influence of fear-evoking experiences on development, behavior, and subsequent generations has been an area of intrigue, offering insight into potential pathways for generational psychological health symptoms such as anxiety and depression. DNA methylation and gene expression may help us identify poor outcome pathways for individuals who experience adversities such as childhood trauma. This is important for practitioners who are, by trade, engaged in helping populations suffering chronic discrimination, oppression, poverty, and violence.

The potential for adverse experience to influence subsequent generations should be investigated further. Future research would benefit from inclusion of other prenatal variables that might be influenced by trauma exposure also would help refine the amount of variance accounted for by the prenatal environment. Some variables that can greatly influence the prenatal environment include the nutrient balance of the mother's diet, household income, and social connectedness. These variables could be linked to trauma based upon previous research that found childhood abuse associations with poorer employment status and therefore lower income ([@ref-6]). Ultimately, this pursuit may provide new avenues for prevention and interventions to improve quality of life for children, adults, and families overall.
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